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ABSTRACT 
The capture efficiency was obtained experimentally near 30% relative 
humidity for cloud drops (56-93 µm radius) with solid particles of manganese 
hypophosphite (0.58-3.2 µm radius), and near 90% relative humidity for drops 
(60-92 µm radius) with hollow particles of lithium carbonate (2 µm radius). In 
every experimental run a large number of widely space uniform size drops fell 
through a monodisperse cloud of particles. Each efficiency was determined from 
several runs by measuring the collected particle mass using atomic absorption 
or emission spectroscopy. This experiment has provided the first measurements 
of thermodiffusiophoretic scavenging by evaporating drops as a function of 
particle size. 
Good agreement with theory was found for the larger particles scavenged by 
inertial impaction, but not for smaller particles which were scavenged by 
phoretic forces. The data do not agree with the predicted variation of 
phoretic capture efficiency with particle size. The data show increased 
efficiencies for particles with lower thermal conductivity which is consistent 
with the theoretical trend. Thus, the results indicate capture by 
thermophoresis, however, the data also indicate that slip flow theories for 
phoresis of an isolated particle in a uniform temperature gradient is probably 
inadequate to describe our experiment results. 
Several important generalizations can be deduced from these results. 
Phoretic scavenging can be significant for particles in the gap where Brownian 
and inertial capture are inefficient. Phoretic scavenging is dominant in the 
gap for particles of high thermal conductivity with RH < 50% and particles of 
low conductivity with RH < 97%. In the later case, phoretic efficiencies are 
comparable to electrical efficiencies in thunderstorms. 
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THE PHORETIC SCAVENGING OF AEROSOL PARTICLES IN CLOUDS 
I. INTRODUCTION 
The atmospheric aerosol plays a significant role in the earth's climate and 
its variability. Aerosol particles supply the condensation and ice nuclei 
necessary for the formation of clouds. Their variability affects visibility 
and the earth-atmosphere radiation budget through the modification of the 
atmospheric albedo. Biological and material hazards (sulphuric acid, smog, 
etc.) occur through the physical and chemical aspects of the aerosol. The 
scavenging of atmospheric aerosol is primarily by clouds and precipitation 
(Hidy, 1973). The rate and the type of particles scavenged by cloud and rain 
drops determines the pH of rain which has significant economic and 
environmental consequences (Galloway et al., 1978) through effects on 
vegetation (crops) and animal life (e.g. acid rain, fish kills etc.). 
Scavenging that occurs within clouds is generally differentiated from 
scavenging in precipitation below cloud base. These two types of scavenging 
have been termed 'rainout' and 'washout' (Junge, 1963) but are now often 
referred to as 'in-cloud' and 'below-cloud' scavenging (SLinn and Hales, 1971). 
In addition, scavenging can be divided into two major kinds. Nucleation 
scavenging occurs when particles serve as nuclei for the formation of cloud 
drops or ice crystals. Attachment scavenging occurs through various mechansims 
that promote collision of aerosol particles with hydrometeors. Collision can 
result from motion induced by turbulence and Brownian diffusion. Particle 
motion and capture by hydrometeors can also occur as a result of external 
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forces resulting from gravity, electric charges, and thermal or vapor 
gradients. This research report focuses on particle attachment to evaporating 
cloud drops caused by thermal and vapor gradients. 
Since thermal and vapor density gradients are encountered in the vicinity 
of cloud drops and ice crystals, aerosol particles are subjected to 
thermophoretic and diffusiophoretic forces. The effects of thermophoresis and 
diffusiophoresis on aerosol scavenging have only been studied recently and, 
consequently, are not as well understood as other mechanisms such as nucleation 
and Brownian capture. Facy's (1955) experiments with growing and evaporating 
drops indicated that thermophoresis was relatively unimportant. However, later 
work (Deryagin and Dukhin, 1957; Slinn and Hales, 1971; Styra and Tarasyuk, 
1974) showed that the temperatures of the drops in Facy's experiment were not 
well controlled and thermophoresis could be larger or comparable to 
diffusiophoresis. Slinn and Hales (1971) recognized the dominance of 
thermophoresis over diffusiophoresis for particles < 1 µm radius in their 
evaluation of in and below-cloud scavenging mechanisms. They showed that 
phoretic forces were the major scavenging mechanism in the 0.1-1 µm particle 
range. A primary precipitation initiating process, the contact nucleation of 
supercooled droplets was shown to be significantly enhanced by thermo-
diffusiophoresis (Young, 1974). Hogan (1976) suggested that phoresis might 
account for the large scavenging rates measured in Hawaiian trade wind cumulus, 
and that phoresis might provide a major sink of particles within the lower 
level and an important source of large particles aloft. In a recent study 
Radke et al. (1980) concluded that scavenging in the phoretic regime (0.1 to 
1.0 µm) was much stronger than expected. 
Several laboratory measurements of capture efficiencies have been made in 
subsaturated air, but the effects of thermodiffusiophoresis have usually been 
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disregarded. This has led to difficulties in interpretation of the 
efficiencies obtained by Hampl et al. (1971), Kerker and Hampl (1974) and Lai 
et al. (1978). Wang and Pruppacher (1977) have obtained the only available 
experimental data on the thermodiffusiophoretic scavenging efficiency of 
evaporating water drops. Their data were for drizzle and rain size drops 
(100-2500 µm radius) and are particle size. The values obtained show good 
agreement with the efficiency calculations of Grover et al. (1977). 
In the present experimental study the particle size dependency was 
investigated. The capture efficiency was obtained near 30% reltiave humidity 
for cloud drops (56-93 µm radius) with solid particles of manganese 
hypophosphite (0.58-3.2 µm radius), and near 90% relative humidity for drops 
(60-92 µm radius) with hollow particles of lithium carbonate (2 µm radius). In 
every experimental run a large number of widely space uniform size drops fell 
through a monodisperse cloud of particles. Each efficiency was determined from 
several runs by measuring the collected particle mass using atomic absorption 
or emission spectroscopy. These experiments have produced the first 
measurements of thermodiffusiophoretic scavenging by evaporating drops as a 
function of particle size. 
For comparison with theory, efficiencies were computed using a convective 
diffusion model for Brownian motion, thermophoresis, diffusiophoresis and the 
effects of charge, and also by the trajectory method for the thermo-
diffusiophoretic and hydrodynamic effects. Good agreement with theory was 
found for the larger particles scavenged by inertial impaction, but not for 
smaller particles which were scavenged by phoretic forces. The results, 
together with the review of available phoretic theories, have shown that slip 
flow theories for phoresis of an isolated particle in a uniform temperature 
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gradient may be inadequate for the case of particle capture by evaporating 
drops. The data do not agree with the predicted variation of phoretic capture 
efficiency with particle size, since the observed decrease of efficiency with 
particle size is not as strong as predicted by phoretic theory. However, the 
data show increased efficiencies for particles with lower thermal conductivity 
which is consistent with the theoretical trend. 
Several important generalizations can be deduced from these results. 
Phoretic scavenging can be significant for particles in the gap where Brownian 
and inertial capture are inefficient. Phoretic scavenging is dominant in the 
gap for particles of high thermal conductivity with RH < 50% and particles of 
low conductivity with RH < 97%. In the later case, phoretic efficiencies are 
comparable to electrical efficiencies in thunderstorms. 
II. REVIEW OF THERMOPHORESIS AND DIFFUSIOPHORESIS 
2.1 Regimes of Flow 
Before describing the mechanisms of thermo- and diffusiophoresis, it is 
instructive to note the regimes of flow as applied to atmospheric aerosol 
particles. The different regimes of flow can be characterized by the Knudsen 
number (Kn) defined as the ratio of the mean free path of the fluid medium to 
the characteristic length (particle radius). A Knudsen number between 0 and 
0.1 defines the slip flow regime. However, for Kn < .01, the continuum 
equations are adequate for fluid flow problems when the slip correction is 
negligibly small. The characteristic Knudsen number for transition flow is 
between 0.1 and 10, whereas the free molecular regime is characterized by 
Kn > 10. In the troposphere the mean free path in air varies from 0.06 to 
0.5 urn. The Knudsen number varies from 0.006 to 500 for particle sizes from 
0.001 to 10 µm. Hence, the tropospheric aerosol spans all regimes of flow. 
-5-
2.2 Thermophoresis 
2.2.1 Free molecular regime 
Thermophoresis describes the phenomena in which particles in a fluid medium 
with a temperature gradient move in the direction of low temperature. In the 
free molecular regime the thermophoretic velocity of small particles has been 
obtained by computing the momentum transfer to the particle by the gas 
molecules (Waldmann, 1961; Derjaguin and Yalamov, 1972) and by treating the 
particles as the limiting case of thermodiffusion (Mason and Chapman, 1962; 
Derjaguin and Yalamov, 1972). The velocity obtained by the momentum transfer 
method is* 
where µ=8 for specular reflection 
and µ=8+Π for diffuse reflection. 
The thermodiffusion method gives a result identical to the momentum transfer 
method with µ = 8. The above relation with µ = 8 + µ is commonly referred to 
as Waldmann's formula. The formula given above using the momentum transfer 
method is derived from the first approximation to the Chapman-Enskog 
distribution function (Chapman and Cowling, 1970) and does not account for the 
effects of finite particle size and thermal conductivity. Large deviations 
have been obtained by Tong and Bird (1971) whose computations include a second 
order correction with allowance for finite sphere conductivity and size in the 
finite Knudsen number regime. However, for Kn > 10 and kp /kg > 0.5 the 
differences obtained are less than 3%. 
*See Appendix for list of symobls. 
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2.2.2 Transition regime 
In the transition regime, theoretical difficulties have prevented the 
formulation of an exact equation. Brock (1967) has presented a semiempirical 
formulation using experimental results from the Millikan cell method and a 
theoretical treatment employing the momentum transfer method. Springer (1970) 
and Phillips (1975) used an interpolation method employing the formulas valid 
for the slip and the free molecular regimes. The "dusty gas" model (Mason and 
Chapman, 1962) which treats the particles as giant molecules has been used in 
the treatment of thermophoresis and diffusiophoresis (Viehland and Mason, 1977) 
and covers the full range of Knudsen numbers. This model avoids the proper 
boundary value problem. A variational approach has been formulated for all 
Knudsen numbers by Loyalka (1971b) but is limited by its complexity. 
2.2.3 Slip regime 
The thermophoretic force in the slip regime is a consequence of thermal 
slip (or creep) in which a temperature gradient along a boundary (wall) induces 
a motion of the gas molecules along the boundary in the direction of the 
gradient. The continuum equations with first order slip and temperature jump 
correction at the spherical particle surface have generally been used to obtain 
the force or velocity (Epstein, 1924; Brock, 1962; Yalamov and Ivchenko, 1971). 
The thermophoretic force on a spherical particle is given by 
The magnitude of this force is dependent on the thermal and velocity slip 
coefficients (kT and cm) and the temperature jump coefficient (c t). The 
exact values of these three coefficients are not known. A result similar to 
the above equation, but with no dependence on the velocity slip coefficient, 
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was obtained by a thermodynamic method (Derjaguin and Yalamov, 1972). In the 
large particle limit, FT reduces to Epstein's expression 
Several attempts have been made to improve the formulation of FT by using 
higher order hydrodynamics or slip boundary conditions (Jacobsen and Brock, 
1965; Dwyer, 1967; Vestner et al., 1975; Sone and Aoki, 1977; Bakanov and 
Roldugin, 1977). A disadvantage of the above formulations is that the forces 
obtained are more sensitive to uncertainties in the accommodation coefficients. 
The expressions of Dwyer (1967), Sone and Aoki (1977), and Bakanov and Roldugin 
(1977) predict a reversal of particle motion in the slip regime for high 
thermal conductivity particles (i.e., particles moving towards the warmer 
temperatures). The existence of a reversed force is predicted from the 
asymptotic theory of the linearized Boltzmann-Krook-Welander equation due to 
thermal stress flow (Sone, 1972). However, these results are contrary to 
experimental evidence. The magnitudes of all the above force expressions from 
higher order hydrodynamics or slip boundary conditions are significantly lower 
than the first order equation. Thus attempts to improve the theoretical 
description of thermophoresis have not been fruitful. 
The thermophoretic velocity is usually obtained by equating the 
thermophoretic force to the viscous drag. 
This expression neglects the coupling of the velocity of the particle to the 
temperature gradient which is a second order correction to the temperature 
field for low gradients (Sone and Aoki, 1977). 
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The thermophoresis of par t ic les in the s l i p regime has been found to be 
shape dependent. The ra t io of the thermophoretic ve loc i ty of a spherical to a 
cy l indr i ca l par t i c le is equal to l+ l / ( l+2γ+2 tK n ) (Reed, 1971; Yalamov and 
Afanas'ev, 1977a). Hence the thermophoretic veloci ty of a spherical pa r t i c le 
which has a high thermal conduct iv i ty (compared to the gas) is twice that of a 
cyl inder with the same radius. 
Morphological studies (Natusch et a l . , 1977) of f l y ash from coal f i r ed 
power plants have revealed the existence of censopheres (spherical she l l s ) . The 
thermophoresis of spherical shel ls can be determined by replacing the thermal 
conduct iv i ty in the formula for a sol id sphere by a v i r tua l conduct iv i ty (Aoki 
and T s u j i , 1979) defined by 
k v =k p [ 2+γ -2 ( l - γ ) (a o / a ) 3 ] / [ 2+Y+( l - γ ) (a o / a ) 3 ] . 
2.3 Diffusiophoresis 
2.3.1 Free molecular and transition regimes 
A diffusiophoretic force acts on a particle in an isothermal gas mixture 
with concentration gradients. Using the momentum transfer method, the velocity 
of a spherical particle with respect to the center of inertia of a binary gas 
mixture is given by Derjaguin and Yalamov (1972) for the free molecular regime 
In order to compute the diffusiophoretic velocity relative to a stationary 
system, the velocity of the center of inertia of the binary mixture must be 
determined. For the case of a vapor diffusing through a stationary gas, the 
velocity of center of mass is (Derjaguin and Yalamov, 1972) 
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For the case of q1 = q2 and n2>>n1, the diffusiophoretic velocity is 
Diffusiophoresis in the transition regime has been studied using the dusty 
gas model and the variational method of Loyalka. Empirical and interpolation 
methods can also be applied as in thermophoresis. 
2.3.2 Slip regime 
Diffusion slip arising from the concentration gradient at the boundary 
induces a force on the particle. By equating the diffusiophoretic force to the 
viscous drag the diffusiophoretic velocity is obtained. The resultant velocity 
is then given by the sum of the velocity of the center of mass (Stefan flow) 
and the diffusiophoretic velocity, where the vapor is diffusing through a 
stagnant gas. 
For a dilute vapor (n1<<n2) the above equation becomes 
Unlike thermophoresis, diffusiophoresis has been found to be relatively 
shape independent. Yalamov and Afanas'ev (1977b) determined that the velocity 
of diffusiophoresis for a cylindrical particle in the slip regime is identical 
to a spherical one with the same radius. 
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2.4 Slip Coefficients 
All formulas for the thermophoretic and diffusiophoretic velocities vary 
with to the values of slip coefficients. The complexity in the treatment of a 
polyatomic gas has prevented the derivation of simple expressions for the slip 
coefficients. Expressions for the case of a monatomic gas are readily 
available in the literature. The momentum slip and the temperature jump 
coefficients are (Loyalka, 1971a; Kline and Kuscer, 1972; Thomas, 1973) 
The expressions given above are for the case of Maxwellian molecules. The 
values are only slightly sensitive to the gas interaction model used. Using 
σ = 0.9 (Millikan, 1923) for air, cm = 1.2. From Wiedmann and Trumpler's 
(1946) data for air α = 0.9 giving a value of 1.6 for ct. These expressions 
for cm and ct are derived using the linearised Boltzmann's equation and 
differ significantly from the simplistic approaches of Kennard (1938), Street 
(1960), and Schaaf and Chambre (1961) which yield the following expressions 
cm=(2-σ)/σ; ct=15(2-α)/(8α). 
For the same accommodation coefficients, cm = 1.2 and ct = 2.3. 
For the case of the thermal creep slip coefficient, experimental data and 
theoretical computations for a flat boundary give kT = 1.1 (Annis, 1972; 
Rabinovich and Deryagin, 1975). This is much higher than the value of 0.75 
obtained by Maxwell (1879) through simplified boundary conditions. Similarly, 
for the diffusion slip coefficient, computations by Yalamov, Ivchenko and 
Derjaguin (1968), and Loyalka (1971a) have resulted in kD = 0.277 compared 
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to Kramers and Kistemaker (1943) value of 0.167 for the case of water vapor in 
air. The agreement between the experimental results (for both cm and kT in 
air) with the theoretical predictions for a monatomic gas indicates that the 
effects of the polyatomic nature of air molecules are not significant. 
However, the values of ct and kD have not been verified experimentally. 
Yalamov and Yushkenov (1977 a, b) have obtained corrections to the coefficients 
of thermal and diffusion slip for the case of a curved surface which is 
applicable to phoresis of spherical particles. The coefficient of thermal slip 
on a spherical particle in a binary mixture (gas, dilute vapor) is given by 
kTS=kT(l+4.06Kn). 
However, the diffusion slip coefficient for a sphere is a much more complex 
expression and is not shown. 
2.5 Evaluation of Data and Theory 
2.5.1 Thermophoresis 
Reviews of experimental data and theoretical formulations for 
thermophoresis and diffusiophoresis are available in the literature (Waldmann 
and Schmitt, 1966; Derjaguin and Yalamov, 1972; Gieseke, 1972; Whitmore and 
Meisen, 1976; Tong, 1974). Four different experimental methods have been used 
to measure thermophoresis. The first determines the phoretic force exerted on 
a particle in a stationary gas (modified Millikan cell). The second measures 
the phoretic velocity of a particle or particles in a laminar stream. The 
third measures the thermophoretic velocity in a horizontal slit with 
longitudinal temperature gradient. The fourth employs a thermal precipitator. 
The modified Millikan cell method has been criticized by Derjaguin, 
Storozhilova, and Rabinovich (1966) as being susceptible to errors from 
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convection based on the work of Paranjpe (1936) on chambers of different aspect 
ratios. The results from thermal precipitators (Schadt and Cadle, 1957; Keng 
and Orr, 1966; Orr and Wilson, 1964) are not easily interpretable since they 
are susceptible to convection and coupling of the velocity with the very high 
thermal gradients (Willeke, 1976; Sone and Aoki, 1977). 
Figures 1 and 2 show the thermophoretic velocity expressed in terms of a 
thermophoretic factor 
On each figure the curve for slip theory is based on the thermophoretic 
velocity given in Sec. 2.2.3 using kT = 1.1, Cm = 1.2 and Ct = 2.3. A 
thermal conductivity typical of salts (kg/kp = Y = 0.005) is used for Fig. 
1, whereas the conductivity typical of oils (Y= 0.1) is used for Fig. 2. Small 
particle theory which is independent of , is shown on both figures based on 
the Waldmann formula (Sec. 2.2.1). 
The data shown are in the transition region where theory does not apply. 
The results from the Millikan cell method lie considerably below other data. 
One exception is the work of Kousaka et al. (1976) who used a Millikan cell 
with a large aspect ratio at Kn - 0.1 and found agreement with Deryagin et al. 
Some work in the slip regime by the deposition length method is reported by 
Fuford, Moo-Young and Babu (1971), but their results are difficult to interpret 
because of experimental complications (Moo-Young and Yamaguchi, 1975). Because 
of the experimental scatter, the different results obtained by different 
experimental methods, and the lack of data in the slip and free molecular 
regimes, it is difficult to conclude whether current theory provides an 
adequate description of the dependence of thermophoresis on particle size and 
thermal conductivity. 
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Fig. 1. Thermophoretic factor for sodium chloride particles as a 
function of Knudsen number. 
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Fig. 2. Thermophoretic factor for oil particles as a function of 
Knudsen number. 
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2.5.2 Diffusiophoresis 
Figure 3 shows the data available for diffusiphoresis (water vapor in air) 
which is plotted in terms of a diffusiophoretic factor defined as 
Theory is shown for the limit of small particles (free molecular formula, Sec. 
2.3.1), and for the limit of large particles (slip formula for Kn = 0, Sec. 
2.3.2). The diffusiophoretic factor for Stefan flow is also shown. The data 
for oil particles by two different methods generally lie above Stefan flow and 
converge toward the small particle limit. Agreement with this limit was also 
found in the range 0.6 < Kn < 6 by Goldsmith et al. (1963) using a laminar flow 
apparatus. Since the data by the two methods shown in Fig. 3 diverges toward 
larger particles it is not possible to extrapolate data into the slip regime. 
2.6 Summary 
This extensive survey of the available literature shows a definite lack of 
data in the slip flow and free molecular regimes. The available data which are 
almost wholly in the transition region, appear to be confused by experimental 
differences. The phoretic force computed from theory in the slip regime 
depends in the selection of the slip coefficients. For the momentum and 
thermal slip coefficients agreement between experiment and theory has been 
obtained. Empirical information on the temperature jump and diffusion slip 
coefficients is lacking, but the theoretical values should be a good 
approximation since the methods of derivation are similar to methods used for 
the momentum and thermal slip coefficients. However, even with a knowledge of 
the accurate values of the slip coefficients, the phoretic force in the slip 
regime has yet to be verified experimentally. 
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Fig. 3. Diffusiophoretic factor for oil particles as a function of 
Knudsen number. 
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III. THERMODIFFUSIOPHORETIC CAPTURE EFFICIENCIES 
3.1 Phoretic Velocities 
For the case of a stationary evaporating drop in air the temperature and 
vapor fields are 
The gradients for the phoretic forces are obtained by differentiating the above 
equations. The vapor density is related to the temperature by the balance 
equation (Beard and Pruppacher, 1971) 
For the case of an evaporating cloud drop, the vapor density is << air density, 
and the total phoretic force is the sum of the thermophoretic force and the 
diffusiophoretic force (Deryagin, Yalamov, Shchukin and Barsegyan, 1976). For 
this case, the coupling of the particle velocity and the temperature gradient 
can be neglected so that the particle is in quasi-steady temperature 
equilibrium (Sone and Aoki, 1977). Using the balance equation, and the 
equations for thermophoresis (Sec. 2.2.3) and diffusiophoresis (Sec. 2.3.2), 
the thermodiffusiophoretic velocity is 
The radiation term in the balance equation has been neglected in deriving 
above equation since it contributes less than 3% for A < 100 urn. The above 
equation consists of a thermophoretic term and a diffusiophoretic term 
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respectively. The temperature of an evaporating drop is lower than that of its 
environment due to evaporative cooling. Hence, a particle is forced towards 
the drop by thermophoresis and forced away by diffusiophoresis. 
At the top of clouds, the balance equation given above cannot be used as 
the drops are in radiative exchange with a very cold upper atmosphere. 
Roach and Bader (1977) have shown that drops at the tops of clouds can be 
growing in size and have a temperature slightly below (0.005 to 0.01°C) the 
environment. This means that both phoretic forces are acting in the same 
direction (toward the drop). For the case of ice crystals, the temperature 
decrease is much greater. 
In the above equation the phoretic velocity is toward the drop when Vp 
< 0. This occurs for an evaporating drop where TI > TA when the 
thermophoretic velocity is larger than the diffusiophoretic velocity. The 
ratio of these velocities is shown in Fig. 4 as a function of thermal 
conductivity for several different particle sizes. The phoretically induced 
velocity is toward an evaporating drop when the velocity ratio is > 1. Smaller 
particles are attracted regardless of conductivity, whereas larger particles 
are repelled when Y is sufficiently small. The following table provides 
approximate values of Y = kg/kp for particles of increasing thermal 
conductivity (i.e., decreasing  ). 
For particles of high thermal conductivity such as salts, oxides and metals 
(  < 0.01), the phoretic velocity ratio is independent of  . Clays and many 
other common minerals are also in this range of   . In contrast, particles of 
lower thermal conductivity such as a hygroscopic particle with absorded water 
γ
γ
γ
γ
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Fig. 4. Ratio of thermophoretic to diffusiophoretic velocity 
as a function of thermal conductivity ratio. 
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or organic particles (  ≥ 0.01) the phoretic velocity ratio is more dependent 
on  . In addition if the conductivity is low enough (γ ≥ 0.1) then particles 
are attracted to evaporation drops regardless of size. 
If the water is used to typify the aerosol with its large hygroscopic 
component in the vicinity of clouds at high relative humidities, then Fig. 4 
shows that such particles are attracted to evaporating drops if they are 
smaller than 1 µm radius. The mineral component of the atmospheric aerosol 
which is not hygroscopic and has a higher thermal conductivity (   ≤ 0.01) is 
attracted for particles smaller than 0.6 µm. 
3.2 Capture Efficiencies 
The capture efficiency of a drop for aerosol particles is defined as the 
ratio of the number of particles captured to the number of particles 
encountered in the geometric cross section: 
Collision and capture efficiencies are equivalent if there is no adhesion 
problem between a particle and a drop. There is ample evidence to show that 
adhesion occurs between wettable particles and drops (e.g., Stulov, 
Murashkevich and Fuch, 1978). The tv/o following methods are used to compute the 
capture efficiencies. 
3.2.1 Trajectory method 
This approach is usually used for paticles with radii larger than about 
0.5 µm radius, which have significant inertia. Brownian diffusion becomes 
important for particle sizes ≤ 0.1 µm but cannot be easily treated by this 
method. The trajectory of a particle towards the drop is computed neglecting 
γ
γ
γ
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the small contribution of the particle to the total flow field. The force 
balance equation for a particle in the flow field of the drop is given by 
Starting the particle at an adequate distance away, the trajectory of the 
particle is integrated numerically, using the external forces on the particle 
and the flow field of the drop. A critical displacement of the particle gives 
a grazing trajectory. For this case the capture efficiency is defined in terms 
of the crital displacement of the particle from the line of motion of the 
falling drop, 
E=(yc/(A+a))2. 
3.2.2 Convective d i f fus ion method 
With th is approach par t ic les must be small enough so that the i r i ne r t ia can 
be neglected. The ef f ic iency is evaluated from the par t ic le f lux which 
consists of a d i f fus ional component, a d r i f t component induced by an external 
force and an advection component. 
The cont inui ty equation for the par t ic le concentration is 
The solut ion of the above equations for the par t ic le concentration n, can be 
approximated for d i s to r t i on due to the a i r flow around the drop with the use of 
ven t i la t ion coef f ic ients fD (d i f fus ion) and fp (phoretic forces) (Wang, 
1978). 
where vF A = fpvp A+vE A is the effective par t ic le veloci ty at the drop surface. 
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Evaluating the particle flux at the drop surface, the capture efficiency is 
given by 
For the convective diffusion case (JD >> J F ) , the exponential argument is 
small. Using the first two terms of a power series expansion for the 
exponential term the expression for the efficiency reduces to 
E=4fDDp/(AU). 
For negligible diffusion, the exponential term can be neglected and the 
efficiency is 
E=-vFA/U. 
3.3 The Relative Importance of Diffusion, Phoresis and Charge 
The above result of the convective diffusion method shows that the effect 
of Brownian diffusion is not additive to the effects of phoresis and electric 
charge. For an intercomparison of these effects the scavenging efficiency is 
computed as a function of particle size for each mechanism acting individually 
and in various combinations. The results are illustrated in Figures 5 through 
7 for 10, 50 and 90 µm radius drops at a relative humidity of 90% for particles 
with the intermediate conductivity of water. The electrical force was 
calculated for the coulomb attraction of opposite point charges for a 
thunderstorm situation where the magnitude of the charge in cgs units is given 
by the square of the radius (Grover and Beard, 1975). The formula in Sec. 3.1 
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Fig. 5. Theoretical capture efficiencies for 
a 10 µm radius drop as a function of 
particle radius. 
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Fig. 6. Theoretical capture efficiencies for a 
50 µm radius drop as a function of 
particle radius. 
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Fig. 7. Theoretical capture efficiencies for a 
90 µm radius drop as a function of 
particle radius. 
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was used for the phoretic velocity with Y = 0.03 and with values of the slip 
coefficients in Sec. 2.4. The sharp decrease in efficiencies (curves 1 and 2) 
for particles larger than 0.5 µm radius is the result of a cutoff in the 
phoretic capture which occurs when the ratio of the phoretic velocities 
decreases to 1.0 (see Fig. 4). In thunderstorm situations the electric charge 
is large enough to overcome this cutoff for the 50 and 90 µm drops but not for 
the 10 µm drop. For particles larger than 0.1 µm radius Brownian diffusion is 
insignificant when E > 5 x 10-3 for the 10 µm drop and when E > 10-3 
for the larger drops. The lower efficiencies obtained for larger drops is due 
to a shortening of the interaction time (1/AU). 
In summary current theory on scavenging efficiencies shows that particles 
with the thermal conductivity of water will not be scavenged above about 
0.8 µm radius because of the phoretic cutoff. Only strong electric forces or 
inertial impaction above about 3 µm (Grover and Beard, 1975) can overcome the 
phoretic cutoff. Dry particles of high conductivity (i.e. salts, oxides, 
metals and most minerals) have a weaker thermophoretic force and a resultant 
cutoff of about 0.5 µm radius (see Fig. 4). Particles of low thermal 
conductivity do not have a cutoff since the phoretic force is attractive well 
into the inertial impaction range. 
IV. EXPERIMENT: DESCRIPTION AND RESULTS 
4.1 Design 
The design of the experiment is illustrated by the schematic diagram in 
Fig. 8. A stream of widely spaced drops of uniform size is injected at 
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Fig. 8. Diagram of experimental apparatus used 
to measure capture efficiencies. 
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Fig. 9. Diagram of drop generation apparatus. 
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terminal velocity into the top of the aerosol chamber containing monodisperse 
particles at a known temperature and humidity. The drops are collected at the 
bottom of the chamber and analyzed for the mass of particles collected by 
atomic absorption or emission spectroscopy. The major components of the 
experiment are the cloud drop generator, aerosol generator, neutralizer, 
humidifier and aerosol chamber. 
Drop generator. The method of drop formation has been described by Adam et 
al. (1971). Water is forced through a pinhole and a jet instability is excited 
at a chosen frequency, by a piezoelectric crystal, producing a stream of 
uniform drops (see Fig. 9). The range of drop radii which has been produced by 
this technique extends from 6 µm to 1 mm and depends upon the pressure on the 
water reservoir, the orifice (pinhole) size and the oscillating frequency of 
the piezoelectric transducer. A pulse controlled charging ring and deflection 
plates are used to separate the charged from the nearly uncharged drops. The 
latter are selected for an appropriate vertical separation, and a preset number 
fall through the aerosol chamber. The residue charge on the drops which fall 
into the chamber can be computed from the horizontal displacement between the 
deflecting electrodes by using the drag and electirc force with known initial 
and final conditions and the plate length (20 cm), separation (2 cm), and 
voltage (3 kV). For drop sizes of 60 to 90.µm the maximum charges are less 
than 1 x 10 4 and 3 x 10 5 electronic charges respectively. The drops 
achieve terminal velocity well within the 70 cm of fall before entering the 
aerosol chamber (Cataneo and Semonin, 1969), and thermal equilibrium is also 
attained by the drops (Davies, 1978). 
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Aerosol generator and neutralizer. A monodispersed cloud of droplets is 
produced by a Berglund-Liu generator (TSI Inc., Model 3050). A pressure 
reservoir is used instead of the usual syringe pump to produce a wider range of 
constant feed rates. Solutes of lithium carbonate and manganese hypophosphite 
are used because of their non-deliquescent properties and high detection 
sensitivities. Solutions are prepared with water (conductivity < 100 micromho/m) 
which has been filtered through a 0.2 µm filter. A 0.2 µm capsule filter is 
used between the solution reservoir and generator to eliminate plugging of the 
pinhole. The solution feed rate is obtained with an accuracy of better than 1% 
by weighing the liquid emitted from the pinhole for a given time interval. The 
droplet stream is dispersed by an axial jet of turbulent air to prevent 
coagulation. Evaporation of the solution droplets is promoted by the dilution 
of the cloud with clean dry air. The charge on the particles is reduced to 
Boltzmann equilibrium by ion capture in the neutralizer (TSI Inc., Model 3054). 
The operating conditions used for aerosol generation is shown in Table 1. 
Different particle sizes are generated using the same orifice by varying the 
solute concentration. 
Humidifier. The relative humidity in the aerosol chamber is dependent on 
the water evaporated from the solution drops and the temperature of the room. 
With a value of 2.7 atm (40 psig) in the pressure reservoir and pinhole sizes 
of less than 10 µm, relative humidities of less than 50% are produced. Higher 
humidities are attained by wetting absorbent paper on the wall of a 2.3 m long 
by 3.8 cm diameter pipe between the neutralizer and the aerosol chamber. 
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Table 1. Operating conditions used for the Berglund-Liu aerosol generator. 
Or i f i ce 
Diameter 
(µm) 
Reservoir 
Gauge 
Pressure (atm) 
Liquid feed 
Rate 
(mL/min) 
Dispersion 
Flow 
(L/min) 
D i lu t ion 
Flow 
(L/min) 
Frequency 
(kHz) 
Droplet 
Diameter 
(µm) 
8.7 2.7 0.038 1.5 11 130 21.0 
10 2.7 0.098 1.5 11 300 21.8 
13 2.4 0.14 1.5 11 250 26.4 
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Aerosol chamber. The aerosol chamber consists of a 1 m long plexiglass 
cylinder with an inside diameter of 15 cm. Before an experimental run, both 
slide valves are closed and the ball valve is opened. Aerosol particles then 
flow through the chamber and are removed on exiting the chamber by a 
hydrophobic filter. Clean air is fed back into the base of the deceleration 
column to maintain thermal and vapor uniformity in the system. During the 
filling process the dewpoint is measured to + 0.2°C by a digital humidity 
analyzer (EG & G model 911). Aerosol is also passed through a 0.2 µm cellulose 
filter for a later determination of the mass concentration of the aerosol by 
atomic absorption or emission spectroscopy. After ~ 8 minutes the ball valve 
and the top chamber valve are closed, and both slide valves are open. In each 
experimmental run 6 to 10 thousand drops fall through the chamber into the 
collector jar with a separation of 600 radii for 65 µm drops ranging to 1400 
radii for 100 µm drops. These large separations are used to minimize 
interactions among evaporating drops. Clean air is introduced continuously 
above the bottom slide valve at a rate of 4.3 mL s-1 to prevent aerosol 
particles from entering the collector jar. High contamination occurs without 
such a system. After all the drops are collected, the dew point and filter 
measurements are taken again. 
Trace analysis of lithium and manganese. The amount of lithium in the 
polypropylene jars is analyzed using atomic emission spectroscopy by the flame 
method, whereas flameless atomic absorption is used for detection of manganese. 
The number of particles collected in a jar in any experimental run is less 
than 200. For particles smaller than 1.7 µm radius less than 200 picograms 
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are collected. Hence, clean bench techniques must be employed. Cleaned jars, 
filter blanks and cloud drop water have no detectable amounts of manganese and 
lithium. The analysis of data was carried out in the Atmospheric Chemistry 
Laboratory of the Illinois State Water Survey and the analysis techniques are 
available in Peden, Skowron and McGurk (1979). 
4.2 Development and Evaluation 
Measurement problems. The design construction and testing of the apparatus 
took up a substantial portion of the first year effort. No major difficulties 
were encountered until the proposed system was tested (Fig. 10). Problems 
immediately arose in the measurement of the aerosol mass con- centration. The 
particle microbalance purchased from TSI Inc. did not meet the stated 
specifications of true mass measurement for our aerosol. A repeatable 
concentration measurement could not be obtained with a steady source of dried 
lithium carbonate aerosol, because the instrument calibration is a function of 
the amount collected for certain aerosol. We found that similar errors had 
been documented (Sem et al., 1977), and that it was an inherent aspect of the 
sensor. This problem was particularly noticable with the lithium carbonate 
particles. Since the only way to eliminate the error was with a complicated 
recalibration (as a function of the sensor loading and particle charac-
teristics), we decided to return the instrument and obtain a refund. For the 
mass concentration measurements we resorted to a tedious but accurate procedure 
of aerosol filtration followed by chemical analysis. 
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Fig. 10. Diagram of original experiment. 
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Another problem appeared when we evaluated the saturator. With a borrowed 
dewpoint hygrometer we determined that the saturator was not as efficient as 
designed, apparently because of non-uniformities from thermal sources. A 
significantly longer saturator with improved thermal control would be needed to 
reach the desired degree of equilibrium so that the exit temperature and 
chamber temperature could be used to calculate a sufficiently accurate 
humidity. We decided instead to measure the dewpoint before and after each 
experimental run, and therefore purchased a hygrometer with money from the 
returned instrument. The saturator system now serves as a humidifier. 
Aerosol problems. We used lithium carbonate as our initial aerosol 
substance because lithium can be detected at picogram levels by the flame 
atomic emission method, and because the carbonate remains dry at high relative 
humidities. Operation at high humidities would allow us to use cloud drops as 
small as 20 µm radius without significant evaporation during the fall through 
the experimental chamber. 
The initial scavenging measurements produced a remarkably high efficiency 
which required a reevaluation of the experimental design. The cause of much of 
the disrepancy between experiment and theory became evident when we analyzed 
the particles with a scanning electronmicroscope. The particles were found to 
be hollow spheres which were about twice as large as expected. We were 
surprised at this finding since hollow particles as small as 2 µm had not been 
reported. We found from the literature that solution drops crystal ize as 
shells because of a solute concentration gradient from the effects of 
evaporation at the surface. This mechanism is analogous to the formation of an 
ice shell on a drop that is cooled by the surrounding air. 
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Factors controlling particle formation include solution purity, solubility, 
particle mass, and drying rate. However, the research on the crystalization of 
salt from a solution drop is not advanced enough to fully explain the shell 
phenomena. 
We surmised that solubility was crucial parameter since a thicker shell 
would be produced for a more soluble salt if nucleation occurred at the same 
solute supersaturation. Since the lithium carbonate solution was only 10% salt 
at nucleation, it followed that a salt with about 10 times the solubility could 
produce a solid particle. We were able to produce solid particles from 
solution drops containing manganese hypophosphite which is ten times more 
soluble than lithium carbonate. Manganese is detectable at picogram levels 
using the flameless atomic absorption technique. With the new substance we 
must use relative humidities below about 50% to produce dry particles. Thus we 
were restricted to drop sizes larger than about 50 µm radius since smaller ones 
would evaporate significantly during the fall through the chamber. 
4.3 Morphology of Particles 
Particles of lithium carbonate and manganese hypophosphite produced by the 
Berglund-Liu generator are sampled from the aerosol chamber by impaction on an 
electron microscope stub covered with an aluminized mylar tape. Micrographs of 
the impacted particles are taken, after sputtering with gold, to verify 
particle size, shape and structure. 
Particles less than 1 µm radius could not be produced at high humidities. 
For example, the attempted production of 0.5 µm radius lithium carbonate 
particles resulted in droplets even though the total drying time before 
sampling was much greater than that computed for solution drops. Above a final 
relative humidity of 45%, a similar problem existed for manganese 
hypophosphite. 
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Figures 11-14 show the shape of the different sizes of manganese 
hypophosphite particles produced by mixing dry air with the cloud of solution 
droplets which resulted in a final relative humidity of about 30%. Good 
agreement exists between all computed and measured sizes. Particles larger 
than 1 µm radius have a characteristic wrinkled surface with a smooth 
indentation. The smaller particles have a similar shape but with a wrinkled 
indentation. Figure 15 (1.6 µm radius) illustrates the monodispersity of the 
particles produced (less than 1% multiplets). Particles larger than doublets 
have not been observed for any size. 
At 90% relative humidity 2 µm radius cenospheres, each with a small hole, 
are obtained using lithium carbonate solution drops of 11 µm radius. These 
were computed to dry to 1 µm radius solid spheres. Figures 16 and 17 show the 
types of cenospheres produced, the former with a small hole at base of the 
indentation (crater) and the latter with a larger hole but no identation. 
Figure 18 shows a cenosphere with has shattered on impact. The monodispersity 
is illustrated by Fig. 19. 
The shape and size of the lithium carbonate cenospheres indicate that a 
supersaturation of over 20 is attained before crystals begin to form. 
Substantial supersaturations of saline drops in nuclei free air have been 
observed by Blanchard and Spencer (1964). Figures 20 and 21 are for the case 
of 10.5 µm radius solution drops computed to dry to 0.9 µm solid at 30% 
relative humidity. The incomplete shell formed has a porous wall. The size of 
the shell shows that approximately the same supersaturation is achieved before 
precipitation of solute. For manganese hypophosphite the solution drops 
reached the computed solid size before a supersaturation of 20 is achieved. 
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Fig. 11. Scanning electron micrograph of a 0.6 µm radius 
manganese hypophosphite particle. 
Fig. 12. Scanning electron micrograph of 0.9 µm radius 
manganese hypophosphite particles. 
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Fig. 13. Scanning electron micrograph of 2.1 µm radius 
manganese hypophosphite particles. 
Fig. 14. Scanning electron micrograph of a 3.2 µm radius 
manganese hypophosphite particle. 
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Fig. 15. Scanning electron micrograph of 1.6 µm radius particles 
showing monodispersity of manganese hypophosphite particles. 
Fig. 16. Scanning electron micrograph of 2 µm radius 
lithium carbonate cenospheres with small hole. 
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Fig. 17. Scanning electron micrograph of 2 µm radius 
lithium carbonate cenospheres with larger hole. 
Fig. 18. Scanning electron micrograph of a shattered and 
a whole 2 µm radius lithium carbonate cenosphere. 
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Fig. 19. Scanning electron micrograph of 2 µm radius 
cenospheres showing monodispersity. 
Fig. 20. Scanning electron micrograph of a lithium carbonate 
particle (mass equal to 0.9 µm radius solid sphere) 
sampled from chamber at 30% r.h. 
-43-
Fig. 21. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 0.9 µm radius solid 
sphere) sampled from chamber at 30% r.h. 
Fig. 22. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 1.1 µm radius solid 
sphere) sampled from chamber at 60% r.h. 
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Particles in Figs. 22-26 are obtained from 13.2 µm radius lithium carbonate 
solution drops, computed to dry to 1.1 µm solid particles at 60% relative 
humidity. In Figs. 22 and 23 a progression of shapes is shown: a porous shell 
with a hole, a porous shell (with a large hole) composed of small spherical 
particles, a shell like structure with particles of different size, a 
conglomerate of many particles of different size, a conglomerate of a few 
larger particles of approximately the same size, and a composite of three large 
particles. Solid crystalline shapes are evident in Figs. 23 and 24. Figures 25 
and 26 show evidence of a transition between solid crystalline shapes and 
sphere like particles. 
The particles used in the scavenging experiments are shown in Figs. 4-8 for 
manganese hypophosphite and in Figs. 16-19 for lithium carbonate. The 
irregularly shaped particles shown in Figs. 20-26 were not used. 
The characteristic wrinkled texture of the manganese hypophosphite 
particles indicate a process of ventilated drying similar to "sequence III," 
observed by Charlesworth and Marshall (1960). A wrinkling of an initially 
pliable and relatively impervious skin occurs from shrinking during drying, and 
the indentation forms during the last stage of drying. The lithium carbonate 
cenospheres with the small crater are similar to the cenospheres obtained by 
Charlesworth and Marshall (sequence IIa) - The absence of a crater-like hole 
for the cenospheres in Fig. 17 may be the result of a "sequence IIb" formation 
whereby a complete shell forms initially and a fracture occurs later due to 
internal stress. The porous crust obtained (Figs. 20 and 21) is due to the 
rapid evaporation at low humidities. Porous particles have been obtained using 
the Berglund-Liu generator by Bhutra and Payatakes (1979), and Pinnick and 
Auvermann (1979). Examination of Figs. 22 to 26 show that approximately the 
same supersaturation is reached before crystallization. The appearance of a 
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Fig. 23. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 1.1 µm radius solid 
sphere) sampled from chamber at 60% r.h. 
Fig. 24. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 1.1 µm radius solid 
sphere) sampled from chamber at 60% r.h. 
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Fig. 25. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 1.1 µm radius solid 
sphere) sampled from chamber at 60% r.h. 
Fig. 26. Scanning electron micrograph of lithium carbonate 
particles (mass equal to 1.1 µm radius solid 
sphere) sampled from chamber at 60% r.h. 
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variety of shapes which formed in those 60% relative humidity cases may result 
from different rates of evaporation as the droplets mix inhomogeneously with 
the dry dispersion and dilution air. The particles in Fig. 22 and 23 are some 
what similar to the porous shells of sodium chloride crystals which have been 
produced by Pinnick and Auvermann, but no clear crystalline shape is evident. 
In summary the generation of dry particles by drying of solution drops in a 
nuclei-free environment is a function of the ambient humidity and the 
solubility of the solute. The shape of the dry particle formed varies with the 
solubility of the solute and the drying rate. These results show the necessity 
of electron microscopy to determine the shape and size of particles produced by 
the evaporation of solution drops. 
4.4 Capture Efficiencies 
Data analysis. The capture efficiencies are determined using the following 
equation 
The mass of particles collected (m) is determined from atomic absorption or 
emission spectroscopy with an accuracy of + 10% + detection limit. The number 
of drops (N) is the maximum number collected by the jar. Occasional 
instability in the drop generator causes an uncertainty in N of less than 10%. 
At low humidities the drops evaporate and change in size while falling through 
the aerosol chamber. The size change is estimated using the ventilation 
coefficients given by Beard and Pruppacher (1971). The smallest drop used has 
less than 10% change in radius while falling through the chamber at 30% 
relative humidity. Since the size change is small, an arithmetic mean drop 
size is used in determining the efficiency. Hence the uncertainty in the drop 
Table 2. Capture efficiency data. 
CAPTURE EFFICIENCY*103 
RADIUS (µm) STANDARD DETECTION RMS NUMBER OF RELATIVE AMBIENT 
DROP PARTICLE MEAN DEVIATION LIMIT ERROR (%) DATA POINTS HUMIDITY (%) TEMPERATURE (°C) 
56 0.58 6.8 2.1 1.5 15 7 28-32 23.0-24.6 
55 0.85 3.2 2.0 0.8 16 7 30-35 22.6-24.3 
54 1.20 1.2 0.4 0.3 18 8 28-36 23.1-24.6 
65 0.58 2.6 1.6 1.2 24 6 28-36 24.1-25.4 
65 0.88 3.2 1.2 0.6 14 6 31-35 23.7-24.9 
66 1.20 1.6 1.7 0.2 13 5 32-34 23.1-23.4 
66 1.57 0.70 0.22 0.1 15 4 31-34 23.2-24.4 
66 1.70 0.48 0.27 0.1 17 6 28-32 24.2-25.0 
66 2.09 20.0 4.0 0.5 8 6 26-36 22.7-23.4 
66 3.16 480.0 140.0 0.5 8 6 26-33 23.0-24.5 
84 0.60 2.0 2.7 0.6 18 6 27-34 24.7-26.0 
93 0.86 0.77 0.30 0.2 17 5 30-31 22.6-24.0 
60 2.0 9.1 1.3 0.8 10 7 91-92 23.0-23.5 
74 2.0 6.2 1.1 0.7 11 8 90-92 23.0-23.2 
92 2.0 5.7 0.8 0.5 10 8 92-93 23.6-23.8 
-49-
radius, A, is about +5%. The effective scavenging height differs slightly from 
the chamber height (H). Diffusion and flow of the aerosol into the 
deceleration column increases the height of the cloud up to 5%. A downdraft of 
about 2 cm s-1 is induced by the evaporating drops which decreases the 
interaction time with the aerosol and thereby decreases the effective height of 
the chamber (but by less than 7%). Since the above deviations are small and 
tend to compensate, the value used for the scavenging height was H. 
The mass concentration of particles (ρm) used for determing the capture 
efficiencies is the time average concentration in the chamber. Losses occur 
from attachment of particles to the chamber walls, settling of particles, and 
the removal of air by the tubing pump (see Fig. 8). Since the particle 
concentration decays exponentially for attachment but linearly for 
sedimentation and air removal, the time average concentration is between the 
means for exponential and linear losses. The average result of the two methods 
is used to obtain ρm which gives the actual time average concentration with a 
typical error of less than 5%. 
Table 2 summarizes the data, giving the number of data points for each mean 
efficiency with the standard deviation for different drop and particle sizes. 
The detection limit for the capture efficiency was computed using the minimum 
detectable mass in the experimental equation. The root mean square error in 
the table includes all experimental errors mentioned previously and also 
counting errors. For manganese hypophosphite, the number of particles 
collected in the jar varies from 17 to 1500 depending on particle size. The 
minimum number collected is for the particle with the lowest capture 
efficiency where the counting error is 24%. Examination of Table 2 shows that 
for particles smaller than 2 µm radius the detection limit error varies from 
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2 to 46%. Fortunately, the maximum counting error occurs when the detection 
limit error is only 2%. If counting and detection limit errors are neglected 
the root mean square error is less than 8% for all data. 
Theoretical efficiencies are computed using the convective diffusion 
method. Values of the slip coefficients used are given in Section 2.4 unless 
otherwise indicated. The thermal and physical properties used for manganese 
hypophosphite and lithium carbonate are given in Table 3. The lithium 
carbonate particles (2 µm) are spherical with a smooth surface. The manganese 
hypophosphite particles are nearly spherical but have a wrinkled surface. All 
particles are assumed to be smooth spheres since the effect of roughness or 
sphericity can not be treated with current phoretic theory. However, the 
available information on drag in the slip regime shows an insensitivity to 
moderate changes in particle shape (Fuchs, 1964). 
4.5 Comparison of Experiment and Theory 
Particle size dependence. The experimental capture efficiencies obtained 
for manganese hypophosphite at 26-36% relative humidity and 22-26°C are plotted 
as a function of particle radius for a 55 µn radius drop in Fig. 27 and for a 
66 µn drop in Fig. 28. The 95% confidence intervals for each data point are 
also shown. In Figs. 27 and 28, curve 1 is the case with the curvature 
correction applied to both thermal and diffusion slip. Curve 2 is for the case 
where there is no diffusion slip velocity, but Stefan flow and curvature 
corrected thermophoresis are included. Curve 3 is the same case as curve 2 
except that the curvature correction to thermophoresis was removed. These three 
curves include the effects of Brownian diffusion and electrical effects (5 x 
104 electrons on the drop and an opposite charge of 4 electrons on the 
particle). In addition, curve 1 is extended to larger particle sizes, where 
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Table 3. Properties of compounds used 
Lithium Manganese 
Carbonate Hypophosphite 
composition                                                                      Li2co3 Mn(H2P0) H20 
molecular weight 73.89 202.93 
percentage of metal 18.78 27.07 
density (103kg m-3)  2.11 2.2* 
thermal conduct iv i ty (watt m -1K -1)  5** 1 to 10*** 
s o l u b i l i t y (g/100g)  1.29 (25°C) 12.5(25°C) 
*Packed density supplied by manufacturer is 1.2. Value of 2.2 is obtained by 
volume displacement in ethanol. 
**Value is extrapolated from data by Egorov and Revyakin (1970). 
***Values are estimated from class of compound. 
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Fig. 27. Capture efficiencies for 55 µm radius drop as a 
function of manganese hypophosphite particle radius. 
Curve 1, complete theory; curve 2, no diffusion slip; 
curve 3, no diffusion slip, no curvature correction 
to thermophoresis. 
-53- . 
Fig. 28. Capture efficiencies for 66 µm radius drop as a 
function of manganese hypophosphite particle 
radius. Curve 1, complete theory; curve 2, no 
diffusion slip; curve 3, no diffusion slip, no 
curvature correction to thermophoresis. 
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inertial capture is the dominant mechanism by interpolation of the numerical 
computations of Grover and Beard (1975), Grover (1976), Grover et al. (1977) 
for particles of specific gravity 2. 
As evident from Figs. 27 and 28 the data on maganese hypophosphite 
particles is inconsistent with phoretic theory. Curve 1 was obtained using the 
best available phoretic theory in combination with Brownian diffusion, electric 
effects and inertial impaction. A gap in capture efficiency is expected from 
theory for particles between 0.9 and 2.0 µm radius. This gap results from a 
repulsive phoretic force on high thermal conductivity particles larger than 0.9 
µm. Particles larger than 2 µm have sufficient inertia to overcome this 
repulsive force. The experimental efficiencies obtained in the theoretical gap 
are significantly above the minimum detectable efficiencies, and hence, the 
data indicates no such gap. The trend in the data, however, is generally 
consistent with the theoretical prediction that the capture efficiency 
increases for smaller particles. 
The theoretical efficiencies were recomputed in an attempt to fit the data. 
The gap was narrowed by removing diffusion slip (shown by curve 2), but was not 
filled because of the replusive nature of Stefan flow. A slight change in the 
theoretical slope was achieved by removing the curvature correction (shown by 
curve 3 ) . The effects of different temperature jump coefficients (ct) 
thermal conductivity ratios (Γ) have also been considered. The gap can be 
eliminated, but only for unrealistically large values of these parameters, and 
the resulting theoretical efficiencies are well above the data. 
The electrical force used in the theoretical efficiency calculations is 
based on the upper bound of the drop and particle charge determined for the 
experiment. Drops and particles are assumed to be charged oppositely so that 
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the electrical force is always attractive. This leads to an overestimate of 
the average effect since the particles have a normal distribution of charge 
centered near zero. A charge of 4 electrons is assumed for the particle which 
is equivalent to the rms charge on 1 µm radius particles in a Boltzmann bipolar 
equilibrium. This upper bound of the electrical force did not significantly 
affect the computed efficiencies. 
In Fig. 28 inertial capture is the most important consideration for the two 
largest particles. The consistency between inertial theory and experiment for 
the two largest particles in Fig. 28 lends strong support to the experimental 
method. Therefore, the lack of agreement between phoretic theory and 
experiment for the smaller particles is probably not due to experimental 
error. 
Drop size dependence. The efficiencies as a function of drop size at 30% 
RH are shown in Fig. 29 for a 0.6 µm radius manganese hypophosphite particle 
and Fig. 30 for a 0.9 µm particle. In Figs. 29 and 30 the theoretical 
efficiencies are computed from the most complete theory for phoretic capture 
(i.e., same as curve 1 on Figs. 27 and 28). For the case of a 0.9 µm particle 
(Fig. 30) the phoretic force would prevent capture. In both Figs. 29 and 30 
the measured efficiency decreases with drop size. This is the expected 
dependence when the attraction force is not strongly drop size dependence since 
the efficiency is the ratio of the capture cross section to the geometric cross 
section. The measured decrease in efficiency with drop size is consistant with 
the experimental results of Wang (1978) for 0.25 µm particles. 
Figure 31 shows the efficiencies at 90-93% RH obtained for a 2 µm radius 
cenosphere of lithium carbonate having a mass equivalent to a 1 µm solid 
sphere. Inertial impaction is insignificant even though the particle radius 
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Fig. 29. Capture efficiencies for a 0.6 µm 
radius particle (manganese hypophosphite) 
as a function of drop radius. 
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Fig. 30. Capture efficiencies for a 0.9 µm 
radius particle (manganese hypophosphite) 
as a function of drop radius. 
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Fig. 31. Capture efficiencies for 2 µm radius 
cenospheres (lithium carbonate) as a 
function of drop radius. Curve 1, 
phoresis only; curve 2, phoresis and 
and interception; curve 3, all effects. 
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is 2 µm since the density of the hollow particle is only 0.26 gm cm-3. A 
density adjustment can be made at constant Stokes number for use with the 
inertial capture curve shown in Fig. 28. This leads to an effective radius of 
only 0.7 µm for the cenosphere which is well below the size where inertial 
impaction is significant. Therefore, the theoretical efficiencies are obtained 
by the convective diffusion method with an adjustment for particle size (i.e., 
interception). According to Rimberg and Peng (1977) the interception 
efficiency can be approximated by 1.5 (a/A)2, and for the present case the 
total efficiency is additive because the efficiencies due to interception and 
external forces are small. An effective conductivity ratio of 0.14 for a 
spherical shell (Aoki and Tsuji, 1979) is used for computing the phoretic 
force. 
The theoretical efficiencies shown in Fig. 31 are for phoresis only (curve 
1), phoresis plus interception (curve 2), and for phoresis, interception and 
charge (curve 3). Even the theory which includes all these effects 
considerably underestimates the measured efficiencies. Agreement can be 
obtained if the computed phoretic efficiency is an order of magnitude larger. 
However, it is not possible to adjust the existing phoretic theory this much 
using reasonable uncertainties in parameters much as thermal conductivity and 
kinetic coefficients. Therefore, the underestimate of existing theory is 
significant and is consistent with the underestimate found for the high 
conductivity particles in Fig. 30. 
Thermal conductivity dependence. The thermal conductivity dependence can 
be deduced by comparing the data for lithium carbonate cenospheres (Y = 0.14) 
and manganese hypophosphite particles (γ = 0.005) at a common size and relative 
humidity. The phoretic efficiency is proportional to the temperature gradient 
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which is determined by the relative humidity. For the present experiment, the 
adjustment for the lithium carbonate data to the manganese hypophosphite 
environment (from 90% to 30% relative humidity) increases the temperature 
gradient by a factor of 8 and hence the phoretic efficiency by the same amount. 
Using this adjustment, the efficiency for 2 µm lithium carbonate cenosphere 
(Fig. 31) is increased from about 7.5 x 10"3 to 6 x 10~2. At this high 
efficiency, interception is negligible. A comparison with Fig. 30 shows that 
the adjusted lithium carbonate cenosphere efficiency is at least 10 times that 
of a 0.9 µm manganese hypophosphite particle. However, the lithium carbonate 
data should be adjusted to compare with the smaller size manganese 
hypophosphite particles that are phoretically captured (0.6-1 µm). Unfortu-
nately as shown by the present experimental results the theory is inadequate 
for a particle size adjustment. Nevertheless, the phoretic efficiency is 
expected to increase for decreasing particle size (Figs. 27 and 28), so that 
the factor of 10 would increase, and therefore, the difference in efficiencies 
between lithium carbonate cenosphere (Y = 0.14) and the manganese hypophosphite 
particle (Y = 0.005) indicate a significant thermal conductivity effect. This 
conclusion is consistent with the aspect of slip theory which predicts a higher 
thermophoretic force on a particle with lower conductivity. 
4.6 Reexamination of Previous Results 
Phoretic theory. Derivations of the thermophoretic force in the slip flow 
regimes have generally been attempted by three different approaches. The basic 
approach has been to apply slip flow boundary conditions to the Navier-Stokes 
equation (Brock, 1962). A second approach is a thermodynamic method but this 
method is equivalent to the first method (Bakanov and Roldugin, 1977). The 
third method is the application of higher order hydrodynamics (Dwyer, 1967; 
Sone and Aoki, 1977). 
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The above theories have been derived for a particle in an infinite gas with 
a uniform temperature gradient. For the case of an evaporating water drop, the 
low capture efficiencies imply that most of the captured particles have a 
relatively long trajectory close to the drop surface. Therefore, the phoretic 
force is need for the case of a particle close to a boundary in a semi-
infinite gas with a non-uniform temperature and vapor gradient. The 
complexities of treating boundary effects and a non-uniform gradient have 
precluded any form of an analytical expression. In the available theories the 
Knudsen number based on the spacing between boundaries (KL) is assumed to be 
zero (or infintesimal). In the experiments on thermophoresis in the slip flow 
or transition regime, the values of KL were generally less than 0.01. 
Theories for finite values of KL have been developed by Phillips (1975) and 
Tong (1974) but are only applicable for small particles (large Kn). Therefore, 
the theory for phoretic capture in the slip regime by evaporating drop is 
incomplete. The lack of agreement with the present experimental results may be 
due to these theoretical insufficiencies. 
Phoretic efficiency experiments. Wang (1978) designed the only previous 
experiment for particle scavenging by drops with phoretic effects. His results 
were reported to be in good agreement with the theoretical efficiencies 
computed by Grover et al. (1977). In contrast, the present experimental 
results are not in agreement with phoretic theory. However, Wang's data are 
only for one particle size (0.25 µm radius) and thermal conductivity (not 
given), and are therefore insufficient for an evaluation of the dependence of 
phoretic theory, on particle size and thermal conductivity. The agreement with 
Grover's efficiencies is apparently the result of an appropriate value for the 
net phoretic velocity of 0.25 µm particles (Kn = 0.26). This appears somewhat 
fortuitous because the theory used does not apply to particles in the 
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t rans i t i on regime. In add i t ion , a formula for the phoretic force va l id only 
for monatomic gases was applied to a i r , with Maxwell's value for the thermal 
s l i p coef f ic ient (0.75). The resul tant expression is not far from current s l ip 
theory since it is equivalent to a polyatomic gas ( i . e . , a i r ) with a thermal 
s l i p coef f ic ient of about 1. The agreement of Wang's data with Grover's 
results indicates that the phoretic force is proportional to the temperature 
gradient and that the f i e lds for the temperature, vapor and f low about the 
drops were treated appropriately in the calculated e f f i c i enc ies . However, 
phoretic theory cannot be evaluated adequately using only one pa r t i c le size and 
thermal conduct iv i ty since any agreement could be fo r tu i t ous . For example, on 
Figs. 27 and 28 curve 3 agrees with the data for the 0.9 µm par t i c le for both 
drop sizes. Nevertheless, the theory used does not predict the measured size 
dependence for manganese hypophosphite pa r t i c les . 
V. CONCLUSIONS 
This experiment has provided the f i r s t measurements of scavenging by 
evaporating drops as a funct ion of par t i c le size and thermal conduct iv i ty . For 
more massive par t ic les the resu l t s , are in agreement with i n e r t i a l capture 
theory. For less massive par t ic les the results are consistent with phoretic 
theory for the trend of the scavenging ef f ic iency with par t i c le s ize , drop size 
and par t ic le conduct iv i ty , and therefore par t ic le capture is a t t r ibu ted to 
thermophoresis. 
A detai led comparison of the scavenging results with phoretic theory has 
shown that s l ip theory for phoresis of an isolated par t i c le in a uniform 
gradient may be inadequate at least for the present experimental s i tuat ion of 
par t i c le capture by evaporating drops, because the observed decrease of 
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efficiency with particle size is not nearly as strong as predicted by phoretic 
theory. In fact, the theory shows a gap in efficiencies between about 1 and 
2 µm where the experiment does not. 
An accurate and practical analytical equation for the phoretic capture of 
particles by evaporating drops appears to be impossible to derive. Hence, 
further capture efficiencies can best be determined experimentally. Data on 
particles of different sizes and thermophysical properties must be obtained to 
span the range of characteristics found in the atmosphere. Different particle 
materials should be used along with other generation techniques to extend the 
range of particle characteristics. 
Several important generalizations can be deduced from these results. 
Phoretic scavenging can be significant for particles in the gap where Brownian 
and inertial capture are inefficient. Phoretic scavenging is dominant in the 
gap for particles of high thermal conductivity with RH < 50% and particles of 
low conductivity with RH < 97%. In the later case, phoretic efficiencies are 
comparable to electrical efficiencies in thunderstorms. A more complete 
evaluation of the significance of these results must await incorporation in 
scavenging models for clouds, industrial plumes, radioactive debris and also 
models for other microphysical aspects such as contact nucleation. However, at 
this preliminary stage it is clear that phoretic effects on particles in the 
gap are important to aerosol scavenging in the atmosphere. 
-64-
LIST OF SYMBOLS 
A radius of drop 
a radius of particle 
ao inside radius of shell 
Cs velocity slip coefficient 
c mean molecular speed 
cm momentum slip coefficient 
co velocity of center of mass 
ct temperature jump coefficient 
D diffusion coefficient of water vapor in air 
Dp diffusion coefficient of particle 
D12 diffusion coefficient of molecular species 1 
in molecular species 2 
E collision and capture efficiency 
Fext external force 
FT thermophoretic force 
H height of aerosol chamber 
fD ventilation coefficient for diffusion 
fp ventilation coefficient for phoretic forces 
J particle flux 
JF particle flux due to external forces 
JD particle flux due to Brownian diffusion 
Kn Knudsen number 
KD diffusiophoretic factor 
KT thermophoretic factor 
ka thermal conductivity of air 
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kD diffusion slip coefficient 
kg thermal conductivity of gas 
kp thermal conductivity of particle 
kT thermal slip coefficient 
kTS thermal slip coefficient for curved surface 
kv virtual thermal conductivity 
Lv latent heat of vaporization 
m mass of particles collected 
m1 molecular mass of species 1 
m2 molecular mass of species 2 
ma molecular mass of air molecule 
mv molecular mass of water vapor molecule 
mp mass of particle 
N number of drops collected 
n12 total number concentration of molecules 
n1 number concentration of molecules of species 1 
n2 number concentration of molecules of species 2 
n number concentration of particles 
nI ambient number concentration of particles 
p pressure 
q1 fraction of species 1 molecules reflected 
diffusely 
q2 fraction of species 2 molecules reflected 
diffusely 
r radial distance 
T temperature 
TA temperature at drop surface 
TI ambient air temperature 
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time 
speed of drop 
fluid velocity 
particle velocity 
velocity due to electrical forces 
thermophoretic velocity 
diffusiophoretic velocity 
thermodiffusiophoretic velocity 
initial horizontal displacement of particle 
for grazing trajectory 
temperature difference 
length 
number density differences 
micrometer 
ratio of thermal conductivity of gas to 
particle 
dynamic viscosity 
kinematic viscosity 
mean free path 
thermal accommodation coefficient 
momentum accommodation coefficient 
Stefan-Boltzman constant 
vapor density at drop surface 
density of air 
ambient vapor density 
mass concentration of particles 
vapor density 
emissivity of water drop 
t 
u 
u 
v 
vE 
vT 
vD 
vP 
y c 
ΔT 
ΔX 
Δn 
µm 
Y 
η 
ν  
λ  
α  
σ 
Ω 
ρ
I 
ρA  
ρ 
ρm 
P V 
Є 
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THESIS ABSTRACT 
PARTICLE CAPTURE BY EVAPORATING CLOUD DROPS 
Keng Hung Leong, Ph. D. 
Laboratory for Atmospheric Research 
University of Illinois at Urbana-Champaign, 1980 
The capture efficiency was obtained experimentally near 30% relative 
humidity for cloud drops (56-93 µm radius) with solid spheroidal particles of 
manganese hypophosphite (0.58-3.2 µm radius) and near 90% relative humidity for 
drops (50-92 µm radius) with hollow shells of lithium carbonate (2 µm radius). 
In each experimental run a large number of widely space uniform form size drops 
fell through a monodisperse cloud of particles. Each efficiency was determined 
from several runs by measuring the collected particle mass using atomic 
absorption or emission spectroscopy. This experiment has provided the first 
measurements of thermodiffusiophoretic scavenging by evaporating drops as a 
function of particle size. 
For comparison with theory, efficiencies were computed using a convective 
diffusion model for Brownian motion, thermophoresis, diffusiophoresis and the 
effects of charge, and also by the trajectory method for the thermodiffusiophoretic 
and hydrodynamic effects. Good agreement with theory was found for the larger 
particles scavenged by inertial impaction but not for smaller particles which 
were scavenged by phoretic forces. The results, together with the review of 
available phoretic theories, have shown that slip flow theories for phoresis of 
an isolated particle in a uniform temperature gradient cannot be applied to the 
case of particle capture by evaporating drops. The data does not agree with the 
predicted variation of phoretic capture efficiency with particle size. The 
observed decrease of efficiency with particle size is not as strong as predicted 
by phoretic theory. The data show increased efficiencies for particles with 
lower thermal conductivity which is consistent with the theoretical trend. 
Several important generalizations can be deduced from these results. 
Phoretic scavenging can be significant for particles in the gap between sizes 
where Brownian and inertial capture are efficient. Phoretic scavenging is 
dominant in the gap for particles of high thermal conductivity with PH S 50% 
and particles of low conductivity with RH ≤ 97%. In the later case, phoretic 
efficiencies are comparable to electrical efficiencies in thunderstorms. 
